We investigate charge transport of pn and npn junctions made from silicene, Si analogue of graphene. The conductance shows the distinct gate-voltage dependences peculiar to the topological and non-topological phases, where the topological phase transition is caused by external electric field. Namely, the conductance is suppressed in the np regime when the both sides are topological, while in the nn regime when one side is topological and the other side is non-topological. Furthermore, we find that the conductance is almost quantized to be 0, 1 and 2. Our findings will open a new way to nanoelectronics based on silicene.
I. INTRODUCTION
Technology fabricating one-atom thick systems has been rapidly developing since the appearance of monolayer honeycomb carbon (graphene).
1 Recently, silicon analog of graphene (silicene) [2] [3] [4] has been synthesized and attracts much attention. The low-lying excitations of the monolayer honeycomb systems are Dirac fermions. Due to spin-orbit interaction (SOI), the Dirac fermions become massive, i.e., the energy band has a gap. These massive Dirac fermion systems lead to a quantum spin Hall (QSH) insulator, which is originally proposed in graphene. 5, 6 However, SOI of graphene is tiny so that the QSH effect in graphene has not been experimentally observed. SOI of silicene is, in contrast, thousand times larger than that of graphene, 7, 8 which makes experimentally accessible QSH effects 9 . Transport properties of Dirac fermions show various anomalous behaviors. A prominent feature is the Klein tunneling 10 . Graphene heterojunctions exhibit perfect transmission through the barrier at normal incidence regardless of the barrier characteristics. The origin of the Klein tunneling is the absence of the backscattering due to the pseudospin conservation. [11] [12] [13] The perfect transmission is protected by time-reversal symmetry. Actually, signature of Klein tunneling has been observed in graphene. [14] [15] [16] The systems supporting Dirac fermions can exhibit unique charge and spin transport. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] They have a potential to provide us with new electronics and spintronics devices.
Among such Dirac fermion systems, silicene has another advantage: the band gap is controllable by applying an external electric field 34 owing to the buckling structure. 35 A bilayer graphene also has an electric-fieldtunable band gap [36] [37] [38] [39] [40] . Silicene, differently from a bilayer graphene, shows a topological phase transition by tuning the band gap. If one applies an electric field whose energy is stronger than SOI, the topological phase transition occurs from the QSH to non-topological insulators. It is also intriguing that silicene realizes various topological insulators by exchange interaction, 41 photo-irradiation 42 and anti-ferromagnetic order.
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These characteristics could be useful for device applications. The most fundamental electronic device is a fieldeffect transistor (FET). FET made by silicene has an advantage that it has a large band gap due to SOI compared with graphene which is a zero gap semiconductor. In addition, the tunable band gap and the topological phase transition of silicene by external electric field may lead to a new feature for FETs.
Charge transport properties of a silicene nanoribbon has been studied. 44 Spin transport has been also studied in a bulk silicene junction under Zeeman field. 45 On the other hand, we focus on the charge transport in the bulk silicene. In this paper, we analyze the transport properties of pn and pnp junctions made of silicene. Controlling the conductance by tuning the gate voltage, we find that i) the gate-voltage dependences of conductance in the topological and non-topological phases are quite distinct, and ii) the conductance is almost quantized to be 0, 1 and 2. The former is an evidence for the existence of the topological phase. The latter enables us to use silicene as a FET with almost quantized three values of conductance. Our results will open a new way to future nanoelectronics. This paper is composed as follows. In Sec. II, we review the bulk properties of silicene. In Sec. III, we investigate the pn junction of silicene. First we calculate the conductance for the normal incident case with and without the Rashba interaction. Next we calculate the obliquely incident case. The conductance is almost the same but smeared compared with that of the normal incident case. In sec. IV, we investigate a pnp junction of silicene. Section V is devoted to discussions. 
II. BULK PROPERTIES
Energy level scheme for the topological (TP) ( |Ez| < λSO) and non-topological (NTP) ( |Ez| > λSO) phases at the K point. |αβ denotes the eigenstate with τz = α sgn(Ez) and σz = β sgn(Ez). 1 = λSO + |Ez|, 2 = |λSO − |Ez||.
points reads 9,34,46
where σ i , τ i , and η i are the Pauli matrices for the spin (↑ and ↓), sublattice (A and B sites) pseudospin, and valley (K and K points) spaces, respectively. a = 3.86Å and 2 = 0.46Å denote the lattice constant and the perpendicular distance between A and B sites, respectively. λ SO is the intrinsic SOI coupling constant that triggers the topological phase transition from the non-topological to topological insulators (See below). The sublatticedependent Rashba SOI λ R also appears due to the buckling structure of silicene. And also, the mass term E z τ z shows up because of the buckling structure with an external electric field E z along the z-axis. Hereafter, we set = 1. We start with a review of the topological phase diagram of silicene. The Dirac mass m for the K point (η z = 1) in the bulk silicene is given by
The system is a topological insulator for λ SO > |E z |, while it is a non-topological insulator for λ SO < |E z |. λ SO = |E z | is the critical point, where the energy gap closes. The sign-change of the mass term means the inversion between the conduction and valence bands. Correspondingly, the directions of τ and σ of the conduction and valence electrons change. Namely, the sublattice and spin states are given by |+− , |−− , |++ , and |−+ in descending energy order for the topological phase. On the other hand, the second and third states are interchanged for the non-topological phase, i.e., |+− , |++ , |−− , and |−+ . Here |αβ denotes the eigenstate with τ z = α sgn(E z ) and σ z = β sgn(E z ). This energy level scheme is shown in Fig. 1 . As one switches off E z , the two states with |+− and |−− (with |++ and |−+ ) are degenerated ( 1 = 2 in Fig. 1 ). In addition, we show the energy dispersions for E z = 0 and E z = 0 in Fig. 2 . The energy E ± (k) in the bulk is obtained to be
The energy bands are doubly degenerated for
] symmetries defined within each valley. In contrast, there is no spindegeneracy for E z = 0 since E z breaks the inversion symmetry, which lifts the degeneracy at each k-point..
III. SILICENE PN JUNCTION
In this section, we investigate charge transport in a silicene pn junction, which is illustrated in Fig. 3 .
A. Normal incident case
Formalism of the scattering problem
Firstly, we investigate a normal incident of a pn junction of silicene for k y = 0. The Hamiltonian is given by
Hereafter, we focus only on the K point (η z = 1). The same analysis is applicable to the K point. We solve the scattering problem of the pn junction. The calculation has been done by employing theories for graphene 11, 12, 47 and the Kane-Mele model. 48, 49 In the incident side (x < 0), an external electric field is not applied and hence the energy bands are doubly degenerated. As a result, there are two incident states for a fixed incident energy E F . Wave function ψ ± (x) of the scattering state with the incident energy being E F has the form as
where the subscript of ψ ± (x) denotes the spin state of the incident state u ± (k I ; 0). The first term u ± (k I ; 0) of Eq. (5) denotes the incident state. The other two terms correspond to the reflected states with the same (±) and different (spin-flip, ∓) spin states. Momentum k I of the incident electron is given by
The sign of k I is determined so that the group velocity of the incident state is positive. Note that the incident state must be a propagating mode; E 2 F > λ 2 SO . Otherwise, the corresponding conductance is zero, by definition. On the other hand, momentum q ± of the transmitted electron is obtained by solving the following equation;
Since the group velocities of the transmitted electrons should be positive, the following relation is satisfied for the propagating mode;
For the evanescent mode, on the other hand, Im q ± > 0 is satisfied. And note that when |E F − V | < |λ SO − |E z ||, the system in x > 0 becomes insulating, i.e., the resulting conductance vanishes. The reflection and transmission coefficients r ±± and t ±± are obtained by solving the continuity condition at x = 0. Since the charge current is conserved, the following relation holds. where ∂H/[∂(−i∂ x )] is the velocity operator. The above relation is reduced to
Solving this, one obtains the reflection and transmission coefficients. From the reflection coefficient r αβ , the transmission probability T ± is given by
Charge conductance G in the normal incident case (k y = 0) is defined by
2. Charge transport asymmetry in the nn and pn regimes
We show results on the conductance of the normal incident case (k y = 0) in Fig. 4 . The horizontal axis is (E F − V )/E F , where E F − V corresponds to the Fermi energy in x > 0 measured from the charge neutrality point. The vertical axis is E z /λ SO .
Note that E z and V are not actually independent of each other since both of them are induced by the gate electric field. Therefore, the conductance along a curve in the (E F −V, E z ) plane of Fig. 4 is realized in the actual pn junction. The relation between E z and V depend on the substrate. It is worthwhile to investigate the general conductance formula depending on E z and V .
Only the region of E z /λ SO > 0 is shown since the transmission probability is symmetric with respect to For λ R = 0, one can obtain a simple formula for the reflection coefficient. The reflection coefficient r σ with σ = ± being the z-component of spin of the incident electron is given by
with
The conductance is given by G = (e 2 /h)(2− σ |r σ | 2 ). If λ SO |E F | and |E z | |E F − V |, the corresponding r σ tends to zero, i.e., a perfect transmission occurs, which is known as the Klein tunneling in monolayer graphene.
11,12
Here we go back to Fig. 4 . In the inner region of |E F − V | < 1 ≡ |λ SO − |E z ||, the conductance vanishes since the transmitted side (x > 0) is insulating. In the central region of 1 
there is a single energy band at the Fermi level, hence the maximum value of resultant conductance is e 2 /h. On the other hand, in the outer region of |E F − V | > 2 , two energy bands are located at the Fermi level. Here the conductance becomes larger (almost double) than that in the central region. We refer to these regions as insulating, single-channel, and double-channel regimes, respectively. This behavior originates from a peculiarity of silicene, i.e., the band gap and spin-split energy bands owing to SOI and electric-field effect in the buckling structure. Graphene, in contrast, does not have SOI nor the buckling structure. The resulting conductance is always 2e 2 /h. 
ductance.
It is emphasized that the transmitted states |++ and |−− are controlled by E z . As shown in Fig. 1 , the two states |++ and |−− are interchanged in the different topological phases, which is determined by E z . In other words, the conductance is well tuned by E z through changing the symmetry of the wave function. The obtained results are summarized in Table. I. The same behavior has been observed in Ref. 50 on the surface of a topological insulator with ferromagnets.
As explained above, the conductance controlled by E z is determined by the matching of the sublattice and spin states between the both sides of the junction. Therefore, this behavior does not appear in the heavily doped
, where the mass gap ∼ λ SO is negligible as compared to E F . The conductance asymmetry peculiar to the topological phase can be expected for other topological insulators, provided that the system has a single Fermi surface in the pn junction.
Heavily doped case
From Figs. 4 (b) and (d) , the transmission probability is almost quantized to be 0 for the insulating case (|E F − V | < 1 ), to 1 for the single-channel regime ( 1 < |E F − V | < 2 ), and to 2 for the double-channel regime (|E F −V | > 2 ). This is a consequence of the Klein tunneling of Dirac fermions: A massless Dirac fermion can tunnel through any barriers. Hence the normal incident transmission probability is unity.
11,12 Although silicene has a finite energy gap, a perfect transmission approximately occurs for a heavily doped case, since the energy gap is effectively ignored as compared to the incident energy. In contrast, a graphene pn junction always shows a perfect transmission, i.e., the value of conductance is always 2e 2 /h. Thus graphene cannot be used as a FET.
B. Obliquely incident case
Next we turn to the case of finite k y , which corresponds to an actual silicene pn junction. The Hamiltonian of the two-dimensional system in the vicinity of the K point reads
Here we assume translational invariance along the y-axis, i.e., the y-component of momentum k y is regarded as a parameter. We solve the scattering problem in the same way as in the previous section. The normalized conductance G/G 0 is given by
with T ± (θ) being the transmission probability for an incident angle θ defined by k y = k F sin θ and for incident spin ±. In the case of perfect transmission (T ± (θ) = 1), the resulting conductance takes the value of G = 2G 0 , where factor 2 means that the system has two incident states u + and u − with different spin states. Here,
1/2 , and W being the width of the system. Also, Fano factor F , which corresponds to the shot noise-to-signal ratio, is given by Figure 7 shows the normalized charge conductance G/G 0 as a function of gate voltage [(E F − V )/E F ] and electric field ( E z /λ SO ). Obviously, the charge conductance (Fig. 7) and the transmission probability of the normal incident case [Figs. 4(a) and 4(b)] are almost the same, except for the broadening of line shape. This is because transport is determined basically by the normal incidence. An integral over the incident angle θ solely gives line broadening of the charge conductance from that for the normal incidence T (θ = 0).
The Fano factor of the junction is shown in Fig. 8 . Overall, the resulting Fano factor for the lightly doped case (a) is smaller than that for the heavily doped case (b). Also, the Fano factor is roughly given by the inverse of conductance, i.e., it takes a small (large) value when the corresponding conductance is large (small). This behavior is realized if the shot noise power is almost independent of the parameters (V and E z ). On the other hand, in the single-channel regime, the Fano factor is strongly suppressed when the sublattice and spin states of the incident and transmitted electrons coincide with each other (denoted by the arrows in Fig. 8 ). Note that the Fano factor in the insulating region (|E F − V | < 1 ) is obtained to be unity, although it is not well-defined for metal-insulator junctions because the corresponding conductance vanishes (F → 0/0). We have concluded F = 1 in the insulating region since F = 1 has been obtained for the long junction limit of the npn junction, as discussed in the next section.
IV. SILICENE NPN JUNCTION
Next we investigate charge transport in a silicene npn junction, where electrostatic field is applied in 0 < x < L, which is illustrated in Fig. 9 . The scattering problem of the npn junction is solved in a manner similar to that of the pn junction. The wave function ψ ± (x) is given by
where q i and α i are solutions of
Coefficients r ±± , w ±i , and t ±± are obtained by solving the following boundary condition:
The normalized conductance and the Fano factor are obtained by Eqs. (17) and (18), respectively.
A. Normal incident case
First we show the conductance for the normal incident case in Fig. 10, i. e., T + (0) + T − (0). A resonant tunneling occurs for q i L = 2nπ, n ∈ Z in a npn junction. In the short junction limit (L → 0), a perfect transmission always occurs even when the central region is insulating. In a short but finite-length junction [ Fig. 10(a) ], the number of resonant peaks (q i = 2nπ/L) is still small (two peaks). On the other hand, the peak width is broad (∼ 2λ SO ) since the length of the junction is short so that the transmission probability is large. Thus, two broad resonant peaks appear in Fig. 10(a) . As one increases L, the number of resonant peaks increases and the peak width becomes narrower, as shown in Figs. 10(b) and 10(c). Finally, the transmission probability of the long junction (L > 10000a) [ Fig. 10(d) ] asymptotically converges to that of the pn junction [ Fig. 4(a) ]. 
B. Obliquely incident case
Next we show results on the obliquely incident case. The charge conductance is shown in Fig. 11 . As in the case of the pn junction discussed in Sec. III B, integral over the incident angle entirely causes broadening of detail structures in the conductance. Namely, the conductance In addition, we show the Fano factor in Fig. 12 . The Fano factor (Fig. 12) is basically given by the inverse of G (Fig. 11 ): F takes a small value for a resonant tunneling case. In the long junction limit [Figs. 12(c) and 12(d)], F of the npn junction tends to that of the pn junction [ Fig. 8(a) ]. And also, in the insulating regime (|E F − V | < 1 ), F converges to be unity. Namely, the Fano factor is interpreted to be unity for the insulating regime of pn junction.
V. SUMMARY
We have studied charge transport in the pn and npn junctions of silicene. In silicene, the topological phase transition occurs by applying electric field owing to the buckling structure. This transition affects the charge transport for the single-channel regime, i.e., the resulting conductance is suppressed in the np regime for the TP/TP junction, while it is suppressed in the nn regime for the TP/NTP junction. We have shown that this suppression originates from matching/mismatching of the spin and sublattice states of the incident and transmitted electrons. Furthermore, the silicene pn junction has been shown to be a FET which conductance is almost quantized. It is not the case in the graphene pn junction, which has no band gap. The silicene junctions can be a potential new device controlled by two types of electric field V and E z .
